Abstract Treatment of pediatric anterior cruciate injuries have become an area of controversy sparking much debate about best management strategies. Delaying surgery until skeletal maturity has often been shown to result in unfavorable outcomes due to concomitant meniscal and chondral injuries in this population. There have been numerous techniques used to reconstruct the ACL in the skeletally immature patient; however, most studies are limited by small patient numbers and other methodological concerns. With recent publications reporting failure rates as high as 15-25 % and growth disturbances being uncommon but now reported within almost every technical category, patient and caregiver education become of paramount importance. Key principles will be outlined that may help to avoid some of the pitfalls that occur when dealing with this unique population.
Introduction
There are multiple areas of controversy in sports medicine, and the management of anterior cruciate ligament (ACL) injuries in the skeletally immature patient is one such burgeoning topic. With the potentially increasing numbers of these injuries in children [1] , and the delicate balance that exists between the need to stabilize the knee with a reconstruction and the need to avoid growth plate (physeal) injury, an evidence-based approach is crucial.
Delaying ACL reconstruction (ACLR) until skeletal maturity in ACL deficient individuals to avoid injuries to the physis of the distal femur and proximal tibia is one option. However, the natural history of non-operative management in this particular population is poor regarding further intra-articular injury [2] [3] [4] . More recent studies have confirmed the unfortunate prognosis of non-operative management in these young individuals. Newman et al. [5] reported on factors contributing to the prevalence and severity of concomitant chondral and meniscal injuries among an older cohort (14 to 19 years old) at the time of ACLR versus those ≤14 years old. They found that a significant relationship exists between time to surgery and the development of an irreparable meniscal injury in both groups and in the severity of chondral injuries in the younger group.
Similarly, Anderson et al. [6] reviewed patients younger than 17 years (median age 14) who underwent ACLR and found that patients that waited for surgery in the subacute (6-12 weeks) and chronic (>3 months) groups had a 1.45 and 2.82 times, respectively, higher odds of lateral meniscal tear severity according to the International Society of Arthroscopy and Knee Surgery and Orthopaedic Sport Medicine (ISAKOS) meniscal classification system. The adjusted odds ratio for increased severity of medial meniscal tears included time to surgery >3 months, and the risk factor for a chondral injury and for an increased grade of chondral injury also included increased time to surgery >3 months.
Mansson et al. [7] reviewed the long-term complications of delayed ACLR in 29 adolescent patients (mean age 15.2 years, range 12-16) whose surgery was delayed until they reached an almost skeletally mature age. Patients had a mean of 11.6 months between their injury and index operation, and time to follow-up was 175 months (range, 106-234). Fiftyfive percent were noted to have meniscal tears at the time of their index operation. Patients were also found to have significantly more degenerative changes in their reconstructed knee than in their contralateral knee, 65 versus 14 %, and had revision rate of 14 %. Despite the study design limitations, concerning findings of further knee structural damage with delay to treatment was evident.
This concern about further structural damage, combined with the challenges of ensuring compliance in the young patient to modify activity level has led to increasing efforts to safely stabilize the knee in the skeletally immature patient. Consequently, numerous surgical techniques and large numbers of expert opinions on this topic have emerged. There are three broad categories of reconstructive techniques that have been identified:
1. Physeal-sparing ACLR that does not involve drilling across the physis of either the tibia or femur 2. Partial transphyseal ACLR that violates the tibial physis but not the femoral physis 3. Transphyseal ACLR that violates both the tibial and the femoral physis
The objective of this article is to review the current literature regarding outcomes of ACLR in the skeletally immature patient using contemporary surgical approaches and to outline some of the potential pitfalls in treating these individuals.
Anatomy, physiology, and growth of the pediatric knee
Crucial to the understanding of the skeletally immature athlete is the ability to appreciate the singular differences between these individuals and their skeletally mature counterparts. A major difference is the existence of the physis. The contribution of distal femoral physis and proximal tibial physis to the overall growth of the lower extremity are 37 and 28 %, respectively [8] . Some generalizations can be made regarding growth such as the cessation of growth is roughly 14 in girls and 16 in boys and that during the last few years of growth the distal femoral physis contributes to roughly 10 mm of growth per year and the proximal tibial physis to 6 mm [8] . It must be kept in mind that not all children follow these rules and each case must be independently and carefully analyzed. Table 1 outlines research that has been published regarding growth around the pediatric knee, specifically as it relates to the ACL. The relationship between the femoral attachment of the ACL and the adjacent femoral physis has been studied and the top of the femoral attachment has been found to be approximately within 3 mm of the physis [9] . This presents a challenge during surgery designed to avoid drilling through the physis and even with use of the over-the-top technique.
Studies to determine the growth of the intercondylar notch in the skeletally immature knee may be beneficial in understanding potential risks in this population. Although the femoral intercondylar notch development appears to continue steadily throughout skeletal development until the age of 11 years [10] , the femoral notch width index (NWI) (ratio of the intercondylar notch width to bicondylar width) has shown conflicting results as to how it changes with aging [11, 12] . Domzalski et al. [12] also reviewed the relationship of the NWI to the cruciate ligaments. The ACL/notch and PCL/ notch ratios increased with time, which might partly explain the lower prevalence of ACLR in younger children than adolescents who may have proportionally less space for the ACL in the notch.
Similar studies have been conducted on the skeletally immature tibia. Swami et al. [13] reviewed the MRI scans in 570 pediatric knees with open physis. An important finding was that the mean vertical epiphyseal height (difference between the physeal plate and the tibial articular surface) was only 15.9 mm in the adolescent group (11-15 years) with significant differences between 11 year olds (15.2 mm) and 15 year olds (16.6 mm) and between males (16.6 mm) and females (14.8 mm). Furthermore, the preadolescent group (6-10 years) only had a mean vertical height of 15.1 mm. This has potential implications when considering an all-epiphyseal reconstruction as the safe zone between the tunnel and either the physis or the articular surface is very small.
Increased tibial slope as a risk factor for ACL rupture in adults has been previously reported [14, 15] , and recent studies have looked at this factor in the pediatric population with mixed results. O'Malley et al. [16] observed the relationship between posterior tibial slope (medial tibial plateau) and ACL rupture in skeletally immature patients versus controls and found a significant difference between the groups, with the ACL injured group having a higher tibial slope. Although a recent MRI study was not able to reproduce this result based on the medial tibial slope (MTS), they did show that an increased lateral tibial slope (LTS) correlated positively with ACL injuries [17] . These investigators also found that the MTS and LTS both decreased by 0.31°per year as adolescents age. More studies are required to understand the importance of tibial slope as a risk factor for ACL injuries in children and the differences between cartilaginous and bony slope measurements.
Christino et al. [18] performed a retrospective review of adolescent patients (mean age 15.8 years) who underwent computer-assisted transphyseal single bundle ACLR. Adolescent patients had significantly higher internal rotation than adults both before and after their ACLR. Adolescents were also noted to have a higher average percent correction of anterior translation compared to the percent of rotational correction. Greenberg et al. [19] reviewed patients that underwent all-epiphyseal hamstring ACLR by assessing their limb symmetry index (LSI), a measure of strength recovery and functional performance. Comparing the LSI of the operated and non-operated limbs for isokinetic data and functional hop scores revealed that only 25 % of subjects were able to achieve an LSI of ≥90 % on all testing parameters at a mean of 15 months post-surgery. They also found that quadriceps strength symmetry was more difficult to restore than the hamstring symmetry. They concluded that some pediatric patients may have significant deficits for more than a year after ACLR and may benefit from a more prolonged rehabilitation program.
Outcomes of ACLR techniques in the skeletally immature patient
There have been a large number of studies reviewing the outcomes of ACLR in this special population. Many of these studies suffer from small sample size, use of chronologic rather than bone age, and poor reporting of outcomes. Although a validated ACL specific outcome score for this age group does not exist, the pedi-IKDC (The International Knee Documentation Committee) has been found to have acceptable psychometric performance for outcome assessment of children and adolescents with various knee problems, including ACL injuries [20] . Unfortunately, this outcome score has yet to become commonplace. Interpretation of outcome scores that are validated only for adults must be assessed cautiously in the pediatric literature.
The following sections outline many of the studies that have been published over the last 3 years on ACLR in the skeletally immature patient. It is beyond the scope of this article to review all of the known techniques that have been Posterior slope was measure using the articular surface of both the medial and lateral plateaus MTS did not correlate with ACL injury but LTS did LTS had a cut off value of >4°resulting in a sensitivity and specificity of 76 and 75 %, respectively SI skeletally immature, OTT over-the top position, NWI notch width index (ratio of the intercondylar notch width to bicondylar width), AP anteroposterior, MTS medial tibial slope, LTS lateral tibial slope described for ACLR in skeletally immature patients. Table 2 includes the demographic data of the included studies.
Physeal-sparing ACLR
Nawabi et al. [21] performed ACLR in patients with a bone age at the time of surgery of 13.6 years. Their anatomic technique involved an autologous quadrupled hamstring graft (minimum 8.5 mm diameter) fixed with a reverse-tensioning button on the femoral side and an attachable button system on the tibial side. They used MRI and full-length standing radiographs to assess graft survival, growth arrest, physeal violation, angular deformity, and leg length discrepancy. Minimal total tibial physeal violation was observed (mean 2.1 %) and there were no cases of significant growth issues, although one patient had a 14-mm difference in their leg length postoperatively compared to 3 mm pre-operatively. This prospective study had a number of limitations including a small sample size, short follow-up, loss of data on the periphery of the sagittal MRI slices, and no assessment of failures or return to pre-operative level of sport. Koizumi et al. [22] retrospectively evaluated their data base for clinical outcomes of ACLR using a double bundle physeal-sparing technique with hamstring autograft. They used an anatomic tunnel position for both the tibial and femoral postero-lateral bundle positions and for the antero-medial bundle of the tibia. The antero-medial bundle of the femur was placed in a non-anatomic over-the-top position. Median age was 14 years at the time of the index surgery and clinical outcomes included manual Lachman test, pivot-shift test, KT-2000 arthrometer, IKDC score, and the Lysholm Knee Scoring Scale. Comparison was made to a cohort of adult patients who also underwent a double bundle ACLR. There were no statistically significant differences between the groups in any of the outcome measures; however, the rupture rate of the grafts was 13.3 % in the skeletally immature group compared to 7.5 % in the adult group. Study limitations include retrospective design, small sample size, heterogeneity of the surgical procedure (six intra-epiphyseal tibial techniques, nine transphyseal tibial techniques), short-term follow-up, non-anatomic femoral fixation, and no assessment of return to pre-operative level of sport.
Partial transphyseal ACLR
Demange et al. [23] reviewed their long-term results of nonanatomic partial transphyseal ACLR with double-stranded semitendinosus grafts in patients with an average age of 10.7 years, using transphyseal tibial tunnel drilling and overthe-top femoral fixation. Clinical outcomes included Lachman test, pivot-shift test, return to sports activity, and IKDC. They reported that 83 % had a grade A IKDC score at the end of growth and no patient had any growth disturbances; however, they reported a graft rupture rate of 25 %. Study limitations include small sample size, non-anatomic femoral fixation, and descriptive rather than numerical terminology for growth plate pathology.
Cassard et al. [24] retrospectively reviewed patients with a mean age of 13 years who underwent ACLR with a four strand semitendinosus tendon implanted into intraepiphyseal retro-reamed sockets. The surgical technique involved an all-epiphyseal femoral socket and a small tunnel (4.5 mm) across the tibial physis combined with a larger intra-epiphyseal recess for the graft. Outcomes included laxity, growth disturbance, secondary lesions, and Lysholm and Tegner scores. None of the patients reported meniscal symptoms or degenerative changes, and there were no knees that had laxity greater than 2 mm. Patients reportedly returned to a previous or higher level of activity, and the mean Tegner activity score at followup was 8.4 and the Lysholm score was 95.4. Failure rate was 7 % and although they suggested there were no Mn mean, Md median growth abnormalities, they do note that the maximum LLD was 1 cm in nine of their patients and the hipknee-ankle angle was 3°different than contralateral side in five. Study limitations include small sample size, shortterm follow-up, the absence of a pre-operative outcome scores, heterogeneity of the surgical technique, and lack of specific information on sporting activity. Nawabi et al. [21] also reviewed their patients who underwent anatomic partial physeal ACLR who had a bone age of 14.5 years and had an all-epiphyseal femur and transphyseal tibia. The total tibial physeal violation was 5.4 % and despite the all-epiphyseal technique there was one patient with a 1.5 % compromise of their total femoral physis. There were no cases of significant growth issues. Limitations of this study have been commented on above.
Transphyseal ACLR
Calvo et al. [25] performed a long-term retrospective follow-up of their database on the functional outcomes and secondary complications of transphyseal intra-articular ACLR with hamstring graft and vertically oriented tunnels in patients with an average age at surgery of 13 years. Clinical outcomes included Tegner, Lysholm, and IKDC subjective scores, laxity, return to sport information, failure rates, growth arrests, and degenerative findings. Outcome scores were significantly improved post-operatively and all patients were able to return to their previous sports activity with the exception of 11 % moving to a lower level of competition. There were no growth arrests reported or degenerative changes. Two patients had instability during sport and the mean difference in the KT-1000 arthrometry was 2.58 (range −2.7 to 7 mm), with 22.3 % of the patients having ≥5 mm difference. Although the graft rupture rate was described as only three patients (11 %) in the abstract, there was an additional patient who had progressive instability and an absent graft at arthroscopy, therefore, the revision rate was actually 15 %. Finally, two patients developed chondral lesions and one had a lateral meniscus tear, all requiring reoperation. Study limitations include retrospective design and small sample size.
Kohl et al. [26] presented their results of transphyseal ACLR using unilateral "soft tissue only" quadriceps tendon grafts in patients with a mean age of 12.8 years. There were no changes to the transphyseal tibial tunnel to account for the open growth plates, the femoral tunnel was drilled transtibially, and the grafts (average size 8.2 mm) were fixed by sutures to a screw/washer construct. This prospective study reported on outcome scores (Lysholm-Gillquist, IKDC 2000, SF-12 physical [PCS], and mental component summary [MCS] ), radiographic analysis, and rupture rates. They did not report any graft failures, although, only one knee was normal on IKDC 2000 (grade A) and only one had a normal ligament finding on Lysholm-Gillquist scoring. Four of the patients were found to have >2 mm side to side difference on post-operative Lachman testing, although none had >5 mm difference. They had two patients with a >10-mm leg length discrepancy (18 mm and 20 mm) and one borderline 10 mm discrepancy. Furthermore, they reported a progressive valgus deformity (6°more than the contralateral side) of the distal femur due to a damaged postero-lateral epiphyseal plate. Limitations include small sample size, lack of pre-operative outcome data, and no assessment of return to pre-operative level of sport.
Schmale et al. [27] performed a retrospective review of patients with a mean age of 14 years who had a transphyseal ACLR using hamstring autograft or tibialis anterior allograft with button fixation on the femur and a screw and post for the tibia. The tibial tunnel was drilled centrally with care taken to avoid the tibial apophysis, and a transtibial femoral drilling was used in a more vertical fashion. Pre-operative and post-operative outcome scores were used and re-operations were reviewed. They reported a graft rupture rate of 14 % and a contralateral ACL rupture rate of 28 %. Only 41 % of patients returned to their preinjury level of sport. There were seven minor repeat arthroscopies (e.g., hardware, scar tissue, partial meniscectomy), and there was a significant decrease in activity on Tegner scoring, although, the mean Linkert satisfaction score was high (9, range 4-10) and the mean Lysholm score was 91 (range 61-100). They did not find a clear relationship between function and activity. Limitations include retrospective design, small sample size, lack of the use of full-length X-rays to document growth abnormalities, only the Tegner outcome score being available pre-operatively, and missing data such as the KT-1000 unit measurements.
Mixed studies
Unfortunately, some studies do not separate their outcomes based on whether tunnels cross the growth plate or not. Csintalan et al. [28] performed a retrospective study of their registered cohort of primary ACLR in 232 skeletally immature patients (median age 15.1 years) and retrospectively compared these to 1635 patients with closed physis (mean age 16.6 years). Median follow-up time for the group was 498 days. Patients in the skeletally immature group were fixed by a transphyseal technique in 87.1 % of the cases, extraepiphyseal in 9.9 %, and 3 % were unknown. There were no significant differences in cartilage injury, overall meniscal injury and repair, early revision (open physis-5.2 %, closed physis-3.0 %) and reoperation rate (open physis-3.4 %, closed physis-4.8 %). There were significant differences between the cohorts regarding gender and body mass index (BMI) with the skeletally immature group having a higher proportion of male patients (66.8 vs 44.0 %, respectively) and weighing less (22.8 vs 25.2 kg/m 2 , respectively). The proportion of patients with medial meniscal injury was also significantly higher in the skeletally mature group (34.6 vs 26.7 %, respectively). Limitations include retrospective design with important information missing, short follow-up, heterogeneity of surgical technique, patient attrition, and lack of patient-reported outcomes.
Graft types
Due to the small sample size of many of the studies on ACLR, it is difficult to comment on the best graft for reconstructive surgery in these patients. However, Engelman et al. [29• ] performed a retrospective study on adolescent patients (range 11-18 years) who had either an autograft (hamstring) or allograft (anterior tibial, posterior tibial, or peroneal) ACLR. The risk of graft failure was 4.4 times higher in the allograft group. The risk for autograft failure tended to remain constant 24-48 months after initial surgery, whereas, the risk for allograft failure continued to increase over this time period.
Goddard et al. [30] reported on their results of a novel graft technique, using living donor allografts from the parents of their patients. The patients (mean age 13 years, range 8-16) had hamstring allografts (mean graft size 7.2 mm, range 6-8) via a transphyseal single tunnel technique. Unfortunately, the physis were closed in five patients thus limiting the ability to compare groups. An antero-medial portal was used for the femoral tunnel with a modified tibial tunnel made to cross the tibial physis as vertical as possible. Femoral fixation was an interference screw, button, or staple, and tibial fixation was an interference screw and/or staple. Suspensory fixation was used if the surgeon felt it was necessary to avoid screws crossing the physis. Their study included 31 patients at a minimum of 2 years follow-up, and they reviewed IKDC ligament examination and KT-1000 arthrometer. They reported a 6 % graft rupture rate and no cases of limb malalignment. Of those that were able to complete the clinical and subjective review, they found a mean IKDC subjective score of 97 (range 84-100), a mean Lysholm score of 97 (range 79-100), and normal or nearly normal IKDC ligament grade in 97 %. They reported that 86 % were regularly participating in very strenuous activities. Ninety-seven percent of the donors reported that they would undergo the same procedure again. Limitations include small sample size, short-term follow-up, and heterogeneity of surgical technique.
Principles
As noted above, the current literature on ACLR on the skeletal immature patient is limited and best treatment strategies continue to evolve. The varying ages of patients, heterogeneity of procedures, and non-compliance with rehabilitation and activity restriction that is often found in this population make it almost impossible to clearly recommend one procedure over another in every situation. Despite this, the surgeon dealing with this unique population must understand the risks associated with the management of the skeletally immature patient with an ACL injury and ways to potentially decrease these risks while optimizing patient outcomes. Below are five evidence-based principles that may help to avoid some of the pitfalls that occur when dealing with this population.
Principle # 1: Delaying surgery until skeletal maturity is often an ineffective strategy Numerous reports [2] [3] [4] [5] [6] have outlined the potential for further injury to the knee by delaying surgery after ACL injury in the skeletally immature patient. Although growth arrest is a concern and more problematic in the youngest patients, the long-term consequences of irreparable meniscus or cartilage damage due to an unstable knee are equally concerning.
Principle # 2: There are no surgeries that completely eliminate the potential for growth disturbances A meta-analysis by Frosch et al. [31] found significant differences in the overall rate of leg length differences or axis deviation being 5.8 % with physeal sparring techniques and 1.9 % with transphyseal techniques. They used a very judicious value of 1 cm for leg length and greater than 3°for angular deformity.
Principle # 3: Modified tunnel drilling may help prevent growth arrest A more vertical position of the tunnels provides less damage to the physis, potentially decreasing growth arrest. Kercher et al. [32] used virtual transphyseal tunnels and determined that a 5 % increased angle decreased the amount of physis removed by 0.2 %. Animal studies suggest that damage to a cross-sectional area greater than 7 % of the femoral physis [33] and 4 % of the tibial physis may result in growth arrest [34] .
Thermal injury has been suggested as a possible risk factor for physeal injury [35, 36] . Slower drilling speed (e.g., using a manual drill) should decrease this complication [35] .
A medial drilling entry point on the tibial cortex will help avoid damage to the anterior tuberosity and subsequent genu recurvatum [37] . Risk of growth arrest exists in the peripheral portion of the distal physis/perichondrial ring of the femur [38] , so a femoral tunnel exiting in this area is likely best avoided. The close relationship between the femoral attachment of the ACL and the adjacent femoral physis demands respect for techniques using all-epiphyseal femoral tunnels or the over-the-top technique. [9] Principle # 4: Proper graft selection, technique, and fixation are important There are no clear indications for the success of one graft type over another. However, allograft appears to be associated with a higher failure rate in some studies [29•] .
Graft size itself has been shown to be important as a potential cause of physeal damage [32, 39] Kercher et al. [32] determined that young patients (10 to 15 years old) with tunnels of 8 mm diameter removed 2.5 % of the distal femoral physis and 2.4 % of the proximal tibial physis, however, a graft diameter of 11 mm removed up to 7.8 % of the physis. Appropriate sizing should be determined prior to surgery.
Placing bone and hardware across the physis has been shown to cause growth arrest. Kocher et al. [39] surveyed the Herodicus Society and found a number of cases of growth disturbance with associated factors including fixation hardware across the distal femoral physis (three cases) or tibial tubercle apophysis (three cases), as well as bone plugs across the distal femoral physis (three cases). Being closer to skeletal maturity may not be protective against growth arrest caused by foreign material crossing the physis. Two patients in Shifflet et al.'s study [40• ] developed tibial recurvatum which may have been related to bio interference screw placement. Both required reconstructive surgery and both were near skeletal maturity according to their bone ages of 14, one male and one female.
A soft tissue graft that fills the tunnel crossing the growth plate may help prevent closure of the physis (compared to bony grafts across the physis) as shown by Stadelmaier et al. [41] . Nevertheless, a recent study by Shifflett et al. [40• ] has re-confirmed the dangers of ACLR even with soft tissue only in the tunnel and in patients very close to skeletal maturity. Two patients (male patient bone age 16 years, female patient bone age 13 years 6 months) developed genu valgum (6.4 and 9°, contralateral valgus 1°in both cases) following a transphyseal reconstruction with a hamstring autograft despite button fixation on the femur.
"Tenoepipysiodesis" (excessive tensioning of the graft across the physis) may be a potential cause of growth arrest [42] . This may also explain the two cases of growth arrest related to the lateral extra-articular tenodesis in Kocher's article [39] . Unfortunately, the amount of tensioning that causes this complication is currently unknown.
Principle # 5: Proper patient education is important With recent publications reporting failure rates as high as 15-25 % and growth disturbances being uncommon but reported with all current techniques, patient and caregiver education becomes of paramount importance. The lack of universal guidelines for rehabilitation and return to play combined with potential poor compliance with activity restriction also make this a very challenging group. Close observation and frequent reminders about the importance of safe activities in the early post-operative period are essential.
Future directions
The need for well-designed studies to confirm the best and safest techniques to reconstruct the ACL in the skeletally immature knee needs to be a priority. Unfortunately, the extreme heterogeneity of this population (5 year old vs 16 year old) and surgical techniques limit the ability to make substantial comparisons. Despite this, current research documents that Fig. 1 A standing hip to ankle radiograph and lateral of the knee performed every 3-6 months until skeletal maturity combined with a careful clinical examination provide for reasonable documentation of growth disturbances ACLR in this population can be conducted safely when adhering to key surgical principles as outlined above.
Future research needs to include outcome scores focused on this patient population, frequent follow-up until skeletal maturity to assess for growth abnormalities (Fig. 1) , and more robust reporting on failure rates of ACLR. Furthermore, age at time of surgery should be reported as skeletal age as there is often a discrepancy between chronological age and bone age.
Conclusion
The gold standard management for pediatric anterior cruciate injuries has yet to be determined. The heterogeneity of available techniques combined with the lack of good randomized controlled trials comparing these techniques make statements about "best treatment" controversial. The high failure rates now being reported and the potential for physeal injuries creates an environment that can be potentially toxic unless patient education and close follow-up become part of the individualized care of these patients.
